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a b s t r a c t

The enthalpies of dilution of mixed aqueous solutions of glycine (Gly, x) or L-alanine (Ala, x) with mebicar
(Meb, y), a well-known pharmaceutical, were measured calorimetrically at 298.15 K. The enthalpic
heterotactic coefficients for pair, hxy, and triplet, hxxy and hxyy, interactions between hydrated solute
molecules were estimated using the McMillan-Mayer formalism. Similar to the homotactic parameters
hxx and hyy, the hxy value for the ternary (water + Gly + Meb) system was found to be negative in sign.
It points to the predomination of zwitterion (hydrophilic) – hydrophilic interactions in this mixed solu-
tion. In the case of the (water + Ala + Meb) system, hxx > 0 and hxy > 0, a fact testifying to the prevailingly
hydrophobic character of the Ala – Meb interaction in the aqueous medium.

� 2018 Elsevier Ltd.
1. Introduction

Interactions of drugs with protein constituents in the aqueous
medium have attracted a considerable interest in the fields of bio-
chemistry and pharmaceutics. Such interactions may play a pivotal
role in distribution and in acquiring the biocompatibility of phar-
maceuticals in the human body [1,2]. The stereochemically achiral
glycine (hereinafter, Gly) is found in the protein of all life forms
and has the simplest structure being characteristic for typically
model bioactive compounds. In turn, L-alanine (in later, Ala) is
the levorotary (-)-enantiomer of the simplest chiral a-amino acid
with apolar (hydrophobic) side-chain, which is a ACH3 group.

As a part of research on the thermodynamics of ternary (water
+ amino acid + glycoluril) solutions [3], the present work reports
the enthalpies of dilution, DdilH

m, for Gly and Ala solutions in aque-
ous mebicar (Meb) at 298.15 K. The latter compound (Fig. 1) has
found application in the clinical medicine as a high-efficient low-
toxicity daytime tranquilizer and a coronary-active drug [4,5].

A phenomenological thermodynamics does not yield directly
energy-related aspects of intermolecular interaction. However
one can indirectly derive meaningful inferences from the DdilH
m

values. The point is that they can serve as a basis for calculating
the heterotactic and homotactic enthalpic coefficients of pair
(hxy, hxx and hyy) and triplet (hxyy, hxxy, hxxx and hyyy) interactions
between the amino acid zwitterion and the bicyclic Meb molecule
(Fig. 1) under the participation of solvent molecules. For the tern-
ary aqueous solutions being considered here, these interaction-
related virial coefficients have been calculated and analysed with
using the McMillan-Mayer formalism [1,6–8].
2. Experimental

A detail description of compounds employed in our experi-
ments is given in Table 1.

Mebicar was synthesized according to the procedure [11] based
on the regioselective cyclocondensation of 1,3-dimethylurea with
1,3-dimethyl-4,5-dihydroxyimidazolidin-2-one. The product melt-
ing point (temperature of fusion, Tfus) was measured using a mul-
tipurpose differential scanning calorimeter DSC 204 F1 Phoenix
(Netzsch-Gerätebau GmbH, Germany) with the heating rate of
10 �C�min�1 and gas flow rate (in the argon atmosphere) being
15 cm3�min�1. The procedure for Tfus determination was based on
the onset point. The DSC heating curve for Meb and calibration data

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jct.2018.08.022&domain=pdf
https://doi.org/10.1016/j.jct.2018.08.022
mailto:evi@isc-ras.ru
mailto:evi_ihrras@mail.ru
https://doi.org/10.1016/j.jct.2018.08.022
http://www.sciencedirect.com/science/journal/00219614
http://www.elsevier.com/locate/jct


Fig. 1. Mebicar [3].
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are contained in the Supplementary material file (Figs. S1–S3). The
Tfus(Meb) value has found to be (501.2 ± 0.2) K, with expanded
uncertainty for a 0.95 level of confidence. This result is in very good
agreement with the existing literature data, (501 ± 2) K [10,12].
Immediately after purification (Table 1) and prior to serial
calorimetry-dilution experiments, the samples of Meb and amino
acids were dried to constant mass under vacuum at T � 350 K for
24 h. The mass fraction of trace water in them (according to a Karl
Fischer method) did not exceed 0.0001. All the organic compounds
under study were stored in a light-proof vacuum desiccator over
P2O5 before being used. The water of natural isotope composition
was deionized and twice distilled (in a Pyrex glass apparatus) up
to a specific conductance of 1.3 � 10�6 S�cm�1.

The experimental measurements of DdilH
m were carried out at

T = (298.15 ± 0.001) K and p = (99.6 ± 0.8) kPa using an automated
ampoule-type isoperibol calorimeter (equipped with a 30 cm3 tita-
nium vessel) whose design and measuring/testing procedure were
detailed previously [13,14]. Here we will only note that the mini-
mal enthalpic effect (in the case of aqueous Ala) exceeds the
Table 1
Sample description.

Solute Sample Molecule formula;
Molar mass, Mi/
(g∙mol�1)

IUPAC name; CAS RNa S

Glycine (Gly) C2H5NO2; 75.0672 Aminoethanoic acid;
56-40-6

S
A
C

Glycine (Gly)

L-Alanine (Ala) C3H7NO2; 89.0941 2S)-2-Amino-propionic acid;
56-41-7

S
A
C

L-Alanine (Ala)

Mebicar (Meb) C8H14N4O2;
198.2249

1,3,4,6-Tetramethyl-dihydro-
imidazo[4,5-d]imidazole-2,5
(1H,3H)-dione;
10095-06-4

O
sMebicar (Meb)

a Another agreed-upon (trivial) names for Mebicar: 2,4,6,8-tetramehyl-2,4,6,8-tetraaz
b The Mebicar specimen was synthesized and tested under the guidance of Prof. A.N. K

Organic Chemistry of the RAS, Moscow).
c Ref [9] (for amino acids) and ref 10 (for Mebicar).
d Analyzed using the high performance liquid chromatography (HPLC).
declared detection limit of a calorimeter by a factor of 30. The stan-
dard uncertainty in DdilH

m measurements is estimated to be no
more than 4% at worst.

The experimental data on DdilH
m (in J per 1 kg of total water in

the final state) for all the solutions studied are given in Tables 2
and 3 where mi and mf are the initial and final molalities, respec-
tively, determined with an uncertainty of 1 � 10�4 mol per 1 kg of
water. Note that the absence of data on DdilH

m for mixed (water
+ Ala + Meb) solutions with the mutual molality being larger than
1.0 mol�kg�1 (see Table 3) is due to that the solubility of specified
amino acid in the aqueous Meb solutions is limited at the temper-
ature considered.
3. Results and discussion

The enthalpy-heterotactic pair and triplet interaction coeffi-
cients, hxy, hxyy and hxxy, were estimated using a so-called auxiliary
function, DauxH

m
x;y, based on the McMillan-Mayer formalism

[1,6–8]. According to inferences [1,8], a relationship between
DauxH

m
x;y and cross-interaction coefficients hxy, hxxy and hxyy can be

expressed as

DauxH
m
x;y

mf
y mf

x �mi
x

� � ¼ 2hxy þ 3hxxy mf
x þmi

x

� �þ 3hxyy mf
y þmi

y

� �
þ :::

ð1Þ
To calculate interaction-related homotactic virial coefficients,

hxx, hyy, hxxx and hyyy, Eq. (1) can be transformed into the form [8]

DdilH
m
xðyÞ mi

xðyÞ ! mf
xðyÞ

� �

mf
xðyÞ mf

xðyÞ �mi
xðyÞ

� � ¼ hxxðyyÞ þ hxxxðyyyÞ mf
xðyÞ �mi

xðyÞ
� �

þ ::: ð2Þ

In fitting Eqs. (1) and (2), a least-squares method was employed.
The theoretical zero-values of DdilH

m representing the dissolution
of a pure solvent in oneself were also included in the fit. For all
ourceb Initial mass
fraction
purity

Purification methodc Final
mass
fractiond

igma-
ldrich
o. (USA)

�0.99 Double recrystallization from aqueous
ethanol of 1:1 ratio

�0.998

igma-
ldrich
o. (USA)

�0.99 Double recrystallization from aqueous
ethanol of 1:1 ratio

�0.998

riginal
ynthesis

�0.98 Double recrystallization from absolute
ethanol (with addition of diethylether at
the final stage)

�0.995

abicyclo[3,3,0]octane-3,7-dione or 2,4,6,8-(N-)tetramethylglycoluril.
ravchenko (Laboratory of Nitrogen-containing Compounds, N.D. Zelinsky Institute of



Table 2
The integral enthalpies of dilution, DdilH/(J�per 1 kg of total water in the final state), for binary aqueous solutions of glycine (x), L-alanine (x) and mebicar (y) with different initial
(i) and final (f) molalities, mi fð Þ

x yð Þ= mol � kgH2Oð Þ�1
n o

, at T = 298.15 K and p = 99.6 kPa.a

mi
x mf

x DdilH
m
x mi

x mf
x DdilH

m
x mi

y mf
y DdilH

m
y

Aqueous Gly solutions Aqueous Ala solutions Aqueous Meb solutions
0.65217 0.01122 2.9 ± 0.1 0.64855 0.01034 �1.4 ± 0.05 0.49830b 0.00490b 3.8 ± 0.1b

0.65217 0.01316 3.5 ± 0.1 0.64855 0.01429 �2.1 ± 0.08 0.64911 0.01200 11.2 ± 0.4
0.98674 0.01128 4.2 ± 0.1 1.00337 0.01487 �3.3 ± 0.1 0.64911 0.01843 17.4 ± 0.7
0.98674 0.01794 6.6 ± 0.2 1.00337 0.01508 �3.3 ± 0.1 0.99447 0.01348 15.8 ± 0.6
1.19540 0.01586 7.1 ± 0.2 1.20110 0.02165 �5.9 ± 0.2 0.99447 0.01390 16.1 ± 0.6
1.19540 0.01789 7.9 ± 0.3 1.20110 0.02178 �5.8 ± 0.2 1.17520b 0.00912b 10.6 ± 0.4b

1.39547 0.01799 8.9 ± 0.3 1.39502 0.02179 �7.3 ± 0.3 1.40006 0.01281 16.6 ± 0.6
1.39547 0.01846 9.4 ± 0.3 1.39502 0.02269 �7.1 ± 0.2 1.40006 0.01318 16.4 ± 0.6

a Standard uncertainties u are u Tð Þ = 0.001 K, u pð Þ = 0.8 kPa and u m2ð Þ = 1 � 10�4 mol�(kg H2O)�1.
b Ref [12].

Table 3
The integral enthalpies of dilution, DdilH/(J�per 1 kg of total water in the final state), for ‘‘equimolal” ternary solutions {water + a-amino acid (x) + mebicar (y)} with different initial
(i) and final (f) molalities, mi fð Þ

x yð Þ= mol � kgH2Oð Þ�1
n o

, at T = 298.15 K and p = 99.6 kPa.a

mi
x mf

x mi
y mf

y DdilH
m
xy mi

x mf
x mi

y mf
y DdilH

m
xy

Aqueous (Gly + Meb) solutions Aqueous (Ala + Meb) solutions
0.64506 0.00906 0.64750 0.00909 13.8 ± 0.5 0.6469 0.0118 0.6485 0.0119 1.2 ± 0.05
0.64506 0.01174 0.64750 0.01178 15.1 ± 0.6 0.6469 0.0133 0.6485 0.0134 1.1 ± 0.04
0.98936 0.01118 0.99245 0.01122 18.6 ± 0.7 0.8450 0.0124 0.8510 0.0125 0 ± 0.04
0.98936 0.01362 0.99245 0.01367 19.5 ± 0.7 0.8450 0.0127 0.8510 0.0128 0 ± 0.04
1.20030 0.01532 1.19920 0.01531 24.6 ± 1.0 0.9997 0.0145 0.9991 0.0145 0 ± 0.04
1.20030 0.01585 1.19920 0.01583 24.1 ± 0.9 0.9997 0.0147 0.9991 0.0147 0 ± 0.04
1.39004 0.01589 1.38591 0.01584 25.4 ± 1.0 – – – – –
1.39004 0.01604 1.38591 0.01600 25.5 ± 1.0 – – – – –

a Standard uncertainties u are u Tð Þ = 0.001 K, u pð Þ = 0.8 kPa and u m2ð Þ = 1 � 10�4 mol�(kg H2O)�1.
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the systems examined (Tables 2 and 3), the concentration ranges
chosen one allowed to determine both pair and triplet enthalpic
coefficients and cross-coefficients. Also, it should be noted that
the zero values of DdilH

m in the case of mixed {water + Ala + Meb}
solutions may be seemingly due to the mutual superposing both
positive enthalpies of dilution for (water + Meb) and negative
those for (water + Ala). As for mixed {water + Gly + Meb} solutions,
the positive sign at DdilH

m is a total result of the endothermic pro-
cesses of dilution in the corresponding binary aqueous systems
(see Tables 2 and 3).

Computed using Eqs. (1) and (2), the enthalpic parameters of
solute – solute interactions for the binary and ternary systems of
interest, together with the similar results for the {water + urea
Table 4
Enthalpy-homotactic coefficients for solute – solute interactions, hxxðyyÞ and hxxxðyyyÞ , in
p = 0.1 MPa.a

Parameter Gly(x) Ala(x

hxy(yy)/(J�kg�mol�2) �445 ± 8b 208 ±
�466 ± 5c 206d

�424d 205.3
�466.20e 217 ±
�439 ± 5f

hxxx(yyy)/(J�kg2�mol�3) 58 ± 7b 18 ± 8
60d �5d

126.72e 18.89
74 ± 3f

a In the right side of each column, the expanded uncertainties, U hð Þ, are given (level of
b Our value derived using data of Table 2 and Eq. (2).
c Ref [1].
d Ref [15].
e Ref [16].
f Ref [17].
g Ref [12].
h Ref [18].
i Ref [7].
(U)}, {water + Gly (Ala) + U} and (water + Meb + U) those, are listed
in Tables 4 and 5.

It should be emphasized that our data on hxxðyyÞ and hxxxðyyyÞ in
Table 4 are in a fairly good agreement with the reliable literature
values. Also, it is worth noting that, due to existing differences in
the dilution intervals, the comparison of literature values of

DdilH mi
x ! mf

x

� �
[15,16] with ours (Table 2) is expedient only

when the mf
x þmi

x

� �
is the same for Gly or Ala.

As follows from data of Table 5, the heterotactic coefficients hxy

for pair Gly – Meb and Ala – Meb interactions in water are different
in sign. In the first case the hxy value is negative. The same goes for
the comparable hxx(Gly) quantity (see Table 4). The homotactic
the aqueous solutions of glycine, L-alanine, mebicar and urea at T = 298.15 K and

) Meb(y) U(y)

9b �1956 ± 43b �330 ± 10h

�2042 ± 68g �351.0 ± 3.1i

6e �1870 ± 270h

0.4f

b 754 ± 42b 21 ± 6i

903 ± 62g
e

confidence = 0.95). Standard uncertainties u are u Tð Þ = 0.01 K and u pð Þ = 0.001 MPa.



Table 5
Enthalpy-heterotactic coefficients for solute – solute interactions, hxy, hxxy and hxyy, in the ternary (mixed) aqueous solutions containing glycine and mebicar or urea at
T = 298.15 K and p = 0.1 MPa.a

Parameter Gly(x) + Meb(y) Ala(x) + Meb(y) Gly(x) + U(y) Ala (x) + U(y) Meb(x) + U(y)

hxy/(J�kg�mol�2) �458 ± 34b 642 ± 15b �482c

�422 ± 14d
�248 ± 24d �940 ± 70g

hxxy/(J�kg2�mol�3) �10297 ± 1984b �4032 ± 586b – – –
hxyy/(J�kg2�mol�3) 10575 ± 2002b 3929 ± 589b 9.4 ± 0.9e

19.1f
16.0 ± 1.5d

11.0e
–

a In the right side of each column, the expanded uncertainties, U hð Þ, are given (level of confidence = 0.95). Standard uncertainties u are u Tð Þ = 0.01 K and u pð Þ = 0.001 MPa.
b Our value derived using data of Table 3 and Eq. (1).
c Ref [8].
d Ref [19].
e Ref [20].
f Ref [21].
g Ref [18].
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hyy(Meb) coefficient has a negative sign, too, with the only differ-
ence is that its numerical value is almost four times as much as
hxy or hxx(Gly). In the second case when L-enantiomeric Ala inter-
acts with bicyclic Meb in the aqueous medium, the hxy quantity
becomes to be positive (Table 5), exceeding three times the hxx

value for the specified chiral amino acid (Table 4).
Noteworthy is also the interesting fact that, by analogy with the

typically hydrophilic U molecules (Tables 4 and 5), a Gly zwitterion
and a Meb molecule may be interacting rather strongly with each
other to form the solvent-separated pairs [7,8,18] despite the pres-
ence of four N-methyl substituents in the latter case (see Fig. 1).
The tendency to ‘‘heterogeneous” molecular interaction is substan-
tially more pronounced in the ternary (water + Meb + U) solution
(Table 5). This is in agreement with the previously made inferences
[3,10,13,18,22] about the prevailingly hydrophilic character of Meb
hydration due to the formation of rather strong intermolecular
hydrogen bonds.

In turn, the enthalpic coefficient hxy for the solute – co-solute
interaction in the mixed aqueous solution containing Ala and U
is negative, too, unlike the situation with the Ala – Meb interaction
in water (Table 5). It is evidence that the hydrophobic constituent
(being absent in the aqueous U solution) play a perceptible part in
the interaction of a Meb molecule with the amino acid side-chain.
Unlike Gly where apolar moiety (-H) is shortest, a positive contri-
bution to hxy in the case of Ala arises from the interactions of
hydrated hydrocarbon chains and side-chain ACH3 groups of this
amino acid with the N-methyl-substituents of Meb.

Indeed, the ‘‘cross-interaction” effect hxy may be assumed as a
sum at least of four main contributions to the solvent mediated
solute – co-solute interactions [1–3,20,21]. (i) The hydrophilic
(ionic) – hydrophobic interaction between the (ACHCOO�NH3

+)-
zwitterion of Gly or Ala and glycolurils’ CH3-groups (a positive con-
tribution to hxy). (ii) The hydrophilic (ionic) – hydrophilic interac-
tions of the head zwitterionic and HAC(N) moieties with carbonyl
groups (as well as bis- or HCACH-grouping [3,10,13,22]) of a Meb
molecule (a negative contribution to hxy). (iii) The presence of a
side-chain methyl group in Ala implies the hydrophobic –
hydrophobic interaction of its with the peripheral apolar part of
Meb, which lead to a positive contribution to hxy. (iv) Finally, a
number of water molecules are removed from the hydration shells
of both interacting molecules, a fact resulting to the partial dehy-
dration of amino acid and Meb molecules, and this being an
endothermic process (a positive contribution to hxy).

The overall effect on hxy reflects the competitive equilibrium
among the above effects. Most interesting here is the fact that
the character of Meb – Meb and Meb – U interactions in aqueous
media are different essentially from that of Gly – Meb as well as
Gly – Gly and Gly – U interactions (Tables 4 and 5). It may be
due to the favorable capability of Meb molecules to form the
hydrogen bond via HCACH-grouping [22] with themselves or U
molecules. As a consequence, this strengthens the solute – solute
interaction which leads to raising the negative values of hxy in
magnitude, especially, in the case of aqueous Meb solution. As
for such an interaction between Gly and Meb in water, it seems
to be hindered due to possible steric incompatibilities. The same
goes for the Ala – Meb interaction, too, with the only difference
is that the hydrophobic effects are the additional barrier to forming
the specified hydrogen bonds.

Besides, as can be see from data of Table 5, the coefficients hxxy

and hxyy for triplet interactions in the {water + Gly(Ala) + Meb}
solutions are noticeably larger in magnitude than the correspond-
ing hxy values. In turn, the hxxx and hyyy quantities are significantly
smaller than the homotactic pair-interaction coefficients of inter-
est. However it should be born in mind that in the interpretation
of triple interaction coefficients is obscured by the fact that they
also contain pair interaction terms. Given such an ambiguity, the
above unusual facts are not as yet subject to a reasonable explana-
tion and it will not be discussed in this paper.
4. Short summary

Based on the results derived from calorimetric experiments on
dilution, we have found it reasonable that the overall effect of pair
cross-interactions hxy in the ternary {water + Gly (Ala) + Meb} solu-
tions reflects the competitive equilibrium among the several
enthalpic contributions. A negative hxy for the Gly-containing solu-
tion testifies that a solvent-mediated solute – co-solute interaction
through (ACHCOO�NH3

+)-zwitterionic moiety and glycoluril func-
tional (polar) groups, with a possible formation of intermolecular
C@O� � �HAC(N) bonds, predominates over the processes of partial
dehydration of the solutes. Herewith the capability of hydrated
Gly molecules to form hydrogen bonds via HCACH-grouping of a
Meb molecule seems to be hindered due to possible steric incom-
patibilities. In turn, the positive sign at hxy for the Ala-containing
solution may be interpreted as due to prevailing hydrophobic
effects when the interaction of hydrated hydrocarbon moieties
(of the chain and side-chain) of this amino acid with N-methyl-
substituents of Meb is occurred. The process is connected with
the release of structured water from the hydrophobic hydration
co-spheres to the bulk.
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jct.2018.08.022.
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